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OXYGENATED BUTANOL GASOLINE
COMPOSITION HAVING GOOD
DRIVEABILITY PERFORMANCE

CROSS-REFERENCE TO RELATED
APPLICATIONS

The present application claims the benefit of U.S. Provi-
sional Patent Application No. 61/355,224, filed Jun. 16,2010,
the contents of which are fully incorporated herein by refer-
ence.

BACKGROUND OF THE INVENTION

This invention relates to fuels, more particularly to oxy-
genated gasolines including gasolines containing butanol and
optionally ethanol. This mvention provides an oxygenated
butanol gasoline having good cold start and warm-up drive-
ability performance.

(Gasolines are fuels which are suitable for use 1n a spark-
ignition engine and which generally contain as a primary
component a mixture of numerous hydrocarbons having dii-
terent boiling points and typically boiling at a temperature 1n
the range of from about 79° F. to about 437° F. under atmo-
spheric pressure. This range 1s approximate and can vary
depending upon the actual mixture of hydrocarbon molecules
present, the additives or other compounds present (if any),
and the environmental conditions. Typically, the hydrocarbon
component of gasolines contains C, to C, ; hydrocarbons.

Gasolines are typically required to meet certain physical
and performance standards. Some characteristics may be
implemented for proper operation of engines or other fuel
combustion apparatuses. However, many physical and per-
formance characteristics are set by national or regional regu-
lations for other reasons such as environmental management.
Examples of physical characteristics can include Reid Vapor
Pressure, sulfur content, oxygen content, aromatic hydrocar-
bon content, benzene content, olefin content, the temperature
at which 90 percent of the fuel 1s distilled (T90), the tempera-
ture at which 50 percent of the fuel 1s distilled (T50) and
others. Performance characteristics can include octane rating,
combustion properties, and emission components.

For example, standards for gasolines for sale within much
of the United States are generally set forth in ASTM Standard
Specification Number D 4814 (“ASTM D 4814”) which 1s
incorporated herein by reference. Additional federal and state
regulations may supplement this ASTM standard. Standards
for gasolines for sale within much of Europe are generally set
torth 1n European Standard EN228:2008, which 1s also incor-
porated herein by reference.

The specifications for gasolines set forth in ASTM D 4814
vary based on a number of parameters atfecting volatility and
combustion such as weather, season, geographic location and
altitude. For this reason, gasolines produced in accordance
with ASTM D 4814 are broken into vapor pressure/distilla-
tion AA, A, B, C, D and E, and vapor lock protection classes
1,2,3,4,5, and 6, each category having a set of specifications
describing gasolines meeting the requirements of the respec-
tive classes. These specifications also set forth test methods
for determining the parameters 1n the specification.

For example, a Class AA-2 gasoline blended for use during
the summer driving season in relatively warm climates must
have a maximum vapor pressure of 7.8 psi, a maximum tem-
perature for distillation of 10 percent of the volume of its
components (the “T107) of 158° F., a temperature range for
distillation of 50 percent of the volume of 1ts components (the
“T50"") of between 170° F. and 250° F., a maximum tempera-
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ture for distillation of 90 percent of the volume of 1ts compo-
nents (the “T90) o1 374°F., adistillation end point o 437° F.,
a distillation residue maximum of 2 volume percent, and a
maximum “Driveability Index” or “DI”, as described below,
of 1250.

Cold start and warm-up (CS&W) performance 1s a key
quality indicator for gasoline motor fuels; properly formu-
lated gasoline fuels enable a cold engine (i.e., an engine
which 1s essentially the same temperature as 1ts surroundings
with no residual heat from previous running) to start quickly
and provide smooth drive-away performance under all cli-
matic conditions. The startup and driveaway performance
should be free from faults such as long cranking time, stalls,
and stumble or hesitation on acceleration.

The CS&W performance of gasoline 1s controlled by the
fuel’s volatility properties traditionally including the vapor
pressure and especially the distillation properties (that 1s, the
distribution of component boiling temperatures across the
fuel’s boiling range). Product specifications in the US
(ASTM), Europe (EN), and other regions employ limits on
these individual properties, as well as limits on property com-
binations (for example, the ASTM Driveability Index origi-
nally consisted of a linear combination of three distillation
temperatures), which have been indexed against observed
CS&W driveability performance across the preponderance of
vehicles and conditions i which the fuels are employed.

The mtroduction of bio-components to the gasoline blend-
ing pool (most notably ethanol at 10 vol % 1n the US) pre-
cipitated a revision of gasoline volatility specifications to
ensure acceptable CS&W dniveability. Specifically the
ASTM Driveability Index employed in the United States was

modified to include a term for ethanol content as:

ASTM Driveability Index(DD)=1.57 43755+ 1 5o+

2 AFtOH (Eq. 1)

where T, Ts4, and Ty, are the observed temperatures 1n ° F.
for the distillation of 10, 50 and 90 volume percent of the fuel
in a standard ASTM D86 distillation test and EtOH 1s the
tuel’s ethanol concentration 1n volume percent. Inclusion of
the ethanol term was found to produce an improved 1ndex for
the observed performance of vehicles in controlled CS&W
driveability tests. The specifications establish a maximum
value of DI for each vapor pressure/distillation class i Table
1 of D4814 and, hence, for each seasonal volatility class 1n
D4814 Table 4; fuels with DI above the specification maxi-
mum are expected to have degraded CS&W performance.

In European applications, the EN228 gasoline specifica-
tion controls mid-range volatility for good CS&W driveabil-
ity by speciiying a minimum volume percent E100 of the fuel
that must be distilled by 100° C. 1n the standard distillation
test.

However, controlled experiments indicated that CS&W
driveability performances can be problematic for gasoline
blends that contain a high concentration of a butanol 1somer.
It was also found that existing methods for predicting CS&W
driveability performance from fuel volatility parameters,
such as the atoresaid Driveability Index (Eq. 1) are ineffective
for high-butanol blends. Baustian, U.S. patent application
Ser. No. 12/431,217, filed Apr. 28, 2009, discloses a method
for producing a gasoline blend having a high concentration of
at least one butanol 1somer which comprises maintaining at
least 35 volume percent the volume fraction of the blend that
distills at temperatures up to about 200° F.

Because butanol 1somers boil near the midpoint of gaso-
line, 1t 1s generally understood that butanol could be blended
at relatively low concentrations with gasoline without signifi-
cantly altering the evaporation characteristics of the fuel.
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However, blending isobutanol under various conditions 1n a
way that improves cold start and warm-up (CS&W) drive-

ability, while maximizing renewable fuel component blend-
ing, 1s not understood. Therefore, 1t 1s highly desirable to
develop a modified driveability index and method that atfords
the production of gasoline blends that can also contain lower
levels of atleast one biologically-sourced butanol 1somer, and
in particular, isobutanol, to maximize both the CS&W drive-

ability and the renewable components of a butanol gasoline
blend.

SUMMARY OF THE INVENTION

In one aspect, the present invention 1s a method for pro-
ducing a butanol gasoline blend having good cold start and
warm-up (CS&W) driveability performance comprising: (a)
blending at least one biologically-sourced butanol 1somer and
optionally ethanol with gasoline to form a butanol gasoline
blend, the butanol gasoline blend having a vapor pressure
corresponding to a specific ASTM D4814 vapor pressure/
distillation class of gasoline; wherein the butanol gasoline
blend has a value of low butanol driveability index (LBDI)
equal to the linear combination a, T, ,+a, T ,+a;Tg,+
a,FEtOH+BuOH (a.-a,E200) below the maximum limit for
Driveability Index (DI) for the specific class of gasoline;
wherein: T, 1s the temperature for distillation of 10-volume
percent of the butanol gasoline blend; T, 1s the temperature
tor distillation of 50-volume percent of the butanol gasoline
blend; Ty, 1s the temperature for distillation of 90-volume
percent of the butanol gasoline blend; EtOH 1s the concentra-
tion 1n volume percent of ethanol in the butanol gasoline
blend; BuOH 1s the concentration 1n volume percent of the at
least one biologically-sourced butanol 1somer 1n the butanol
gasoline blend; E200 1s the volume percent of the butanol
gasoline blend that distills at temperatures up to about 200°
F.; the maximum limit for the Driveability Index (DI) for the
specific class of gasoline 1s specified 1n Table 1 of ASTM D
4814-08a; and a,, a,, a5, a,, a; and a, are coellicients selected
to give a substantially linear relationship between the values
of the linear combination for the butanol gasoline blend con-
taining the at least one butanol 1somer and optionally ethanol
and the loganthms of the mean corrected total weighted
demerits from test measurements of CS&W driveability per-
formance for such blends, at concentrations of ethanol less
than about 20 volume percent, at concentrations of the at least
one biologically-sourced butanol 1somer less than about 30
volume percent, and at total concentrations of ethanol and the
at least one biologically-sourced butanol 1somer less than
about 35 volume percent; and wherein the total weighted
demerits of the butanol gasoline blend 1s less than about 40.

In another aspect, the present invention 1s a butanol gaso-
line blend having good cold start and warm-up (CS&W)
driveability performance comprising: a specific ASTM
D4814 vapor pressure/distillation class of gasoline; at least
one biologically-sourced butanol isomer and optionally etha-
nol; the butanol gasoline blend having a vapor pressure cor-
responding to a specific ASTM D4814 Table 1 vapor pres-
sure/distillation class of gasoline; wherein the butanol
gasoline blend has a value of low butanol driveability index
(LBDI) equal to the linear combination a, T, ,+a, T ,+a; Too+
a,EtOH+BuOH (a.-a,E200) below the specified maximum
limit for Driveability Index (DI) for the specific class of
gasoline; wherein T, 1s the temperature for distillation of
10-volume percent of the butanol gasoline blend; T, 1s the
temperature for distillation of 50-volume percent of the
butanol gasoline blend; T, 1s the temperature for distillation
of 90-volume percent of the butanol gasoline blend; EtOH 1s

10

15

20

25

30

35

40

45

50

55

60

65

4

the concentration 1n volume percent of ethanol 1in the butanol
gasoline blend; BuOH 1s the concentration 1in volume percent
of the at least one biologically-sourced butanol 1somer 1n the
butanol gasoline blend; E200 1s the volume percent of the
butanol gasoline blend that distills at temperatures up to about
200° F.; the maximum limait for the Driveability Index (DI) for
the specific class of gasoline 1s specified 1n Table 1 of ASTM
D 4814; anda,, a,, a5, a,, a5 and a, are coellicients selected to
give a substantially linear relationship between the values of
the linear combination for the butanol gasoline blend contain-
ing the at least one butanol 1somer and optionally ethanol and
the logarithms of the mean corrected measured total weighted
demerits from test measurements of CS&W driveability per-
formance for such blends, at concentrations of ethanol less
than about 20 volume percent, at concentrations of the at least
one biologically-sourced butanol 1somer less than about 30
volume percent, and at total concentrations of ethanol and the
at least one biologically-sourced butanol 1somer less than
about 35 volume percent; and wherein the total weighted
demerits of the butanol gasoline blend 1s less than about 40.

In another aspect, the present invention 1s a method for
producing a butanol gasoline blend having good cold start and
warm-up (CS& W) driveability performance comprising: (a)
blending at least one biologically-sourced butanol 1somer and
optionally ethanol with gasoline, to form a butanol gasoline
blend, the butanol gasoline blend having a vapor pressure
corresponding to a specific EN228 volatility class of gasoline;
wherein the butanol gasoline blend has an Eff, ,, value equal
to the linear combination E100-BuOH(b,-b,E 100) above
the minmimum limit for E100 for that class of gasoline as
specified 1n Table 2 of EN228; wherein BuOH 1s the concen-
tration 1 volume percent of the at least one biologically-
sourced butanol 1somer 1n the butanol gasoline blend; E1001s
the volume percent of the butanol gasoline blend that distills
at temperatures up to about 100° C.; and b, and b,, are coet-
ficients selected to give a substantially linear relationship
between the values of the linear combination for the butanol
gasoline blends containing the at least one butanol 1somer and
optionally ethanol and the logarithms of the mean corrected
measured total weighted demerits for such blends, at concen-
trations of ethanol less than about 20 volume percent, at
concentrations of the at least one biologically-sourced
butanol 1somer less than about 30 volume percent, and at total
concentrations of ethanol and the at least one biologically-
sourced butanol 1somer less than about 35 volume percent,
and wherein the total weighted demerits of the butanol gaso-
line blend 1s less than about 40.

In another aspect, the present invention 1s a butanol gaso-
line blend having good cold start and warm-up (CS&W)
driveability performance comprising: a blend of a specific
EN228 volatility class of gasoline, at least one biologically-
sourced butanol 1somer, and optionally ethanol, the butanol
gasoline blend having a vapor pressure corresponding to a
specific EN228 Table 2 volatility class of gasoline; wherein
the butanol gasoline blend has an Eff,,, value equal to the
linear combination E100-BuOH(b,-b,E100), and 1s above
the minimum limit for E100 as specified in Table 2 of EN228;
wherein BuOH 1s the at least one biologically-sourced
butanol i1somer concentration i volume percent in the
butanol gasoline blend; E100 1s the volume percent of the
butanol gasoline blend that distills at temperatures up to about
100° C.; and b, and b, are coellicients selected to give a
substantially linear relationship between the values of the
linear combination for the butanol gasoline blends containing
the at least one butanol isomer and optionally ethanol and the
logarithms of the mean corrected measured total weighted
demerits for such blends, at concentrations of ethanol less
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than about 20 volume percent, at concentrations of the at least
one biologically-sourced butanol 1somer less than about 30
volume percent, and at total concentrations of ethanol and the
at least one biologically-sourced butanol 1somer less than
about 35 volume percent; and wherein the total weighted °
demerits of the butanol gasoline blend 1s less than about 40.

In another aspect, the invention 1s a method of identifying,
a butanol gasoline blend having good cold start and warm-up
(CS& W) driveability performance comprising: (a) blending
gasoline with butanol, and optionally, ethanol; (b) measuring 1©
tuel vaniables E200, T, T+,, and T,,; (¢) inputting the fuel
variables in an equationa, T, ,+a, 1. +a;1,,+a,EtOH+BuOH
(a.—a.E200) to calculate a LBDI of the butanol gasoline
blend; and (d) comparing the LBDI to a maximum limait for
driveability index (DI) for the specific class of gasoline; 15
wherein the butanol gasoline blend has good cold start and
warm-up (CS&W) driveability performance 1t the LBDI 1s
below the maximum limit for the Driveability Index (DI) for
the class of gasoline specified 1n Table 1 of ASTM D 4814;
wherein T, , 1s the temperature for distillation of 10-volume 2Y
percent of the butanol gasoline blend; T, 1s the temperature
for distillation of 50-volume percent of the butanol gasoline
blend; Ty, 1s the temperature for distillation of 90-volume
percent of the butanol gasoline blend; EtOH 1s the concentra-
tion in volume percent of ethanol in the butanol gasoline 2°
blend; BuOH 1s the concentration 1n volume percent of the at
least one biologically-sourced butanol 1somer 1n the butanol
gasoline blend; E200 1s the volume percent of the butanol
gasoline blend that distills at temperatures up to about 200°
F.;a,, a,, a,, a,, a; and a, are coefficients selected to give a 3Y
substantially linear relationship between the values of the
linear combination for the butanol gasoline blends containing
the at least one butanol 1somer and optionally ethanol and the
logarithms of the mean corrected measured total weighted
demerits for such blends, at concentrations of ethanol less 33
than about 20 volume percent, at concentrations of the at least
one biologically-sourced butanol 1somer less than about 30
volume percent, and at total concentrations of ethanol and the
at least one biologically-sourced butanol 1somer less than
about 35 volume percent. 40

BRIEF DESCRIPTION OF THE DRAWINGS

FI1G. 1 1s a plot of the mean corrected natural logarithm of
total weighted demerits of low butanol gasoline driveability 45
versus ASTM DI.

FI1G. 2 1s a plot of the mean corrected natural logarithm of
total weighted demerits of low butanol gasoline driveability
versus LBDI.

FIG. 3 1s a plot of the mean corrected natural logarithm of 30
total weighted demerits of low butanol gasoline driveability
versus Eft, ..

FIG. 4 1s a re-plot of the data plotted 1n FIG. 2, except that
the mean corrected total weighted demerits rather than their
log transforms are plotted on the y-axis. 55

FIG. 5 1s a re-plot of the data plotted 1n FIG. 3, except that
the mean corrected total weighted demerits rather than their
log transforms are plotted on the y-axis.

DETAILED DESCRIPTION OF THE INVENTION 60

Unless defined otherwise, all technical and scientific terms
used herein have the same meaning as commonly understood
by one of ordinary skill in the art to which this mvention
belongs. In the case of a conflict, the present application 65
including the definitions will control. Also, unless otherwise
required by context, singular terms shall include pluralities

6

and plural terms shall include the singular. All publications,
patents and other references mentioned herein are incorpo-
rated by reference 1n their entireties for all purposes.

In order to further define this invention, the following terms
and definitions are herein provided.

As used herein, the terms “comprises,” “comprising,”
“includes,” “including,” “has,” “having,” “contains”™ or “con-
taining,” or any other variation thereof, will be understood to
imply the inclusion of a stated integer or group of integers but
not the exclusion of any other integer or group of integers. For
example, a composition, a mixture, a process, a method, an
article, or an apparatus that comprises a list of elements 1s not
necessarily limited to only those elements but may include
other elements not expressly listed or inherent to such com-
position, mixture, process, method, article, or apparatus. Fur-
ther, unless expressly stated to the contrary, “or” refers to an
inclusive or and not to an exclusive or. For example, a condi-
tion A or B 1s satisfied by any one of the following: A is true
(or present) and B 1s false (or not present), A 1s false (or not
present) and B 1s true (or present), and both A and B are true
(or present).

As used herein, the term “consists of,” or variations such as
“consist of” or “consisting of,” as used throughout the speci-
fication and claims, indicate the inclusion of any recited inte-
ger or group ol integers, but that no additional integer or
group ol integers may be added to the specified method,
structure, or composition.

As used herein, the term “consists essentially of,” or varia-
tions such as “consist essentially of” or “consisting essen-
tially of,” as used throughout the specification and claims,
indicate the inclusion of any recited integer or group of 1nte-
gers, and the optional inclusion of any recited integer or group
of mtegers that do not materially change the basic or novel
properties of the specified method, structure or composition.

Also, the indefinite articles “a” and *“‘an™ preceding an
clement or component of the invention are ntended to be
nonrestrictive regarding the number of instances, 1.e., occur-
rences of the element or component. Therefore “a” or “an”
should be read to include one or at least one, and the singular
word form of the element or component also includes the
plural unless the number 1s obviously meant to be singular.

The terms “mvention” or “present invention” as used
herein 1s a non-limiting term and 1s not intended to refer to any
single embodiment of the particular invention but encom-
passes all possible embodiments as described 1n the applica-
tion.

As used herein, the term “about” modilying the quantity of
an ingredient or reactant of the invention employed refers to
variation 1n the numerical quantity that can occur, for
example, through typical measuring and liquid handling pro-
cedures used for making concentrates or solutions 1n the real
world; through inadvertent error 1n these procedures; through
differences 1n the manufacture, source, or purity of the ingre-
dients employed to make the compositions or to carry out the
methods; and the like. The term “about™ also encompasses
amounts that differ due to different equilibrium conditions for
a composition resulting from a particular mitial mixture.
Whether or not modified by the term “about”, the claims
include equivalents to the quantities. In one embodiment, the
term “about” means within 10% of the reported numerical
value; 1n another embodiment, within 3% of the reported
numerical value.

The term “substantial” and “‘substantially’” as used herein,
means a deviation of up to 10%, preferably up to 5% 1s
allowed.

The term “alcohol” as used herein refers to any of a series

of hydroxyl compounds, the simplest of which are dertved
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from saturated hydrocarbons, having the general formula
C H, . ,OH. Examples of alcohol include ethanol and
butanol.

The term “butanol” as used herein, refers to n-butanol,
2-butanol, 1sobutanol, tert-butyl alcohol, individually or any
mixtures thereof. The butanol can be biologically-sourced
(1.e., biobutanol), for example. Biologically-sourced refers to
fermentative production. See, e.g., U.S. Pat. No. 7,851,188,
herein incorporated by reference in 1ts entirety.

The terms “renewable component™ as used herein, refers to
a component that 1s not derived from petroleum or petroleum
products.

The term ““fuel” as used herein, refers to any material that
can be used to generate energy to produce mechanical work 1n
a controlled manner. Examples of fuels include, but are not
limited to, biofuels (1.e., fuels which are 1n some way derived
from biomass), gasoline, gasoline subgrades, diesel and jet
tuel. It 1s understood that the specific components and allow-
ances of suitable fuels can vary based on seasonal and
regional guidelines.

The terms “fuel blend” or “blended fuel” as used herein,
refer to a mixture containing at least a fuel and one or more
alcohols.

The term “gasoline” as used herein, generally refers to a
volatile mixture of liqud hydrocarbons that can optionally
contain small amounts of additives. This term includes, but 1s
not limited to, conventional gasoline, oxygenated gasoline,
reformulated gasoline, biogasoline (1.e., gasoline which in
some way 1s derived from biomass), Fischer-Tropsch gaso-
line, and mixtures thereof. Additionally, the term “gasoline™
includes a gasoline blend, gasoline blends, blended gasoline,
a gasoline blend stock, gasoline blend stocks, and mixtures
thereol. It 1s understood that the specific components and
allowances of suitable gasolines can vary based on seasonal
and regional guidelines.

The terms “gasoline blend” and “blended gasoline™ as used
herein, refer to a mixture containing at least a gasoline and/or
gasoline subgrade and one or more alcohols. A gasoline blend
includes, but 1s not limited to, an unleaded gasoline suitable
for combustion 1n an automotive engine.

The terms “American Society for Testing and Materials™
and “ASTM” as used herein, refer to the international stan-
dards organization that develops and publishes voluntary
consensus technical standards for a wide range of matenals,
products, systems, and services, including fuels.

The term “octane rating” as used herein, refers to the mea-
surement of the resistance of a fuel to auto-1gnition in spark
ignition nternal combustion engines or to the measure of a
tuel’s tendency to burn in a controlled manner. An octane
rating can be a research octane number (RON) or a motor
octane number (MON). RON refers to the measurement
determined by running the fuel 1n a test engine with a variable
compression ratio under controlled conditions, and compar-
ing the results with those for mixtures of i1so-octane and
n-heptane. MON refers to the measurement determined using,
a similar test to that used in RON testing, but with a preheated
fuel mixture, a higher engine speed, and i1gnition timing
adjusted depending on compression ratio. RON and MON are
determined by standard test procedures described in the
ASTM D2699 and ASTM D2700, respectively.

The fuel classes described herein are defined by the speci-
fications for gasolines set forth in ASTM D 4814 and EN228
and vary based on a number of parameters aifecting volatility
and combustion such as weather, season, geographic location
and altitude. Gasolines produced 1n accordance with ASTM
D 4814 are broken into vapor pressure/distillation classes
AA, A, B,C,D andE, and vapor lock protection classes 1, 2,
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3,4, 5, and 6, each class having a set of specifications describ-
ing gasolines meeting the requirements of the respective

classes. Gasolines produced in accordance with EN228 are
broken into volatility classes A, B, C/C1, D/D1, E/E1, and
F/F1, each class having a set of specifications describing
gasolines meeting the requirement of the respective classes.

The total weighted demerits of a gasoline blend 1s a mea-
surement of cold start and warm up driveability performance
according to the Coordinating Research Council (CRC)
Cold-Start and Warm-up Driveability Procedure CRC Desig-
nation E-28-94. In this procedure, the vehicle 1s driven from
a cold start through a set of acceleration/deceleration maneu-
vers by a trained rater who gives a severity rating (trace,
moderate, heavy, extreme) to any driveability malfunctions
observed during the maneuvers (stall, 1dle roughness, back-
fire, hesitation, stumble, surge). The severity ratings are used
to calculate a total weighted demerit (TWD) for the vehicle at
the test condition. The higher the TWD value, the poorer the
CS&W driveability performance of the gasoline blend.

(Gasolines are well-known 1n the art, and generally contain
as a primary component a mixture ol hydrocarbons having
different boiling points that typically boil at a temperature 1n
the range of from about 79° F. to about 437° F. under atmo-
spheric pressure. This range 1s approximate and can vary
depending upon the actual mixture of hydrocarbon molecules
present, the additives or other compounds present (if any),
and the environmental conditions. Oxygenated gasolines are
blends of one or more gasoline blend stocks and one or more
oxygenates. Oxygenates are compounds or mixtures of com-
pounds that comprise about 99 weight percent of carbon,
hydrogen and oxygen, with oxygen comprising at least about
5> weight percent thereof. Typical oxygenates are alcohols,
cthers and mixtures thereof.

Gasoline blend stocks can be produced from a single com-
ponent, such as the product from a refinery alkylation unit or
other refinery streams. However, gasoline blend stocks are
more commonly blended using more than one component.
Gasoline blend stocks are combined to make gasolines that
meet desired physical and performance characteristics and
meet regulatory requirements, and may ivolve a few blend-
ing components. For example, a gasoline blending stock may
have two to four blending components, or may have numer-
ous blending components, such as more than four compo-
nents.

Gasolines and gasoline blend stocks optionally may
include other chemicals or additives. For example, additives
or other chemicals can be added to adjust properties of a
gasoline to meet regulatory requirements, add or enhance
desirable properties, reduce undesirable detrimental etfects,
adjust performance characteristics, or otherwise modity the
characteristics of the gasoline. Examples of such chemaicals or
additives include detergents, antioxidants, stability enhanc-
ers, demulsifiers, corrosion inhibitors, metal deactivators,
and others. More than one additive or chemical can be used.

The term “adjusting” as used herein includes changing
concentrations of the components, eliminating components,
adding components, or any combination thereol so as to
modily the boiling characteristics/volatility.

Usetul additives and chemicals are described in Colucci et
al., U.S. Pat. No. 5,782,937, which 1s incorporated herein by
reference. Such additives and chemicals are also described in
Wolf, U.S. Pat. No. 6,083,228, and Ishida et al., U.S. Pat. No.
5,755,833, both of which are incorporated by reference
herein. Gasolines and gasoline blend stocks may also contain
solvents or carrier solutions which are often used to deliver
additives 1nto a fuel. Examples of such solvents or carrier
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solutions include, but are not limited to, mineral o1l, alcohols,
aromatic naphthas, synthetic o1ls, and numerous others which
are known 1n the art.

(Gasoline blend stocks suitable for use 1n the method of this
invention are typically blend stocks usetul for making gaso-
lines for consumption in spark ignition engines or in other
engines which combust gasoline. Suitable gasoline blend
stocks also include blend stocks having low sulfur content
which may be desired to meet regional requirements, for
example, having less than about 150, less than about 140, less
than about 130, less than about 120, less than about 110, less
than about 100, less than about 90, less than about 80, less
than about 70, less than about 60, less than about 50, less than
about 40, or less than about 30 parts per million parts by
weight of sulfur. Such suitable gasoline blend stocks also
include blend stocks having low aromatics content which
may be desirable to meet regulatory requirements, for
example having less than about 8000, less than about 7730,
less than about 7500, less than about 7250, or less than about
7000 parts per million parts by volume of benzene, or, for
example, having less than about 35, less than about 34, less
than about 33, less than about 32, less than about 31, less than
about 30, less than about 29, less than about 28, less than
about 27, less than about 26, or less than about 25 volume
percent total of all aromatic species present.

An oxygenate such as ethanol can also be blended with the
gasoline blending stock. In that case, the resulting gasoline
blend includes a blend of one or more gasoline blending
stocks and one or more other suitable oxygenates. In another
embodiment, one or more butanol 1somers can be blended
with one or more gasoline blending stocks and, optionally,
with one or more suitable oxygenates such as ethanol. In such
embodiment, one or more gasoline blend stocks, one or more
butanol 1somers and optionally one or more other suitable
oxygenates can be blended 1n any order. For further examples,
a butanol, such as 1sobutanol, n-butanol, or tert-butanol, can
be added with the other suitable oxygenates, added before the
other suitable oxygenates or blended with the other suitable
oxygenates before being added to a gasoline blend stock. As
another example, one or more other suitable oxygenates and
a butanol can be added 1n several different locations or 1n
multiple stages. For further examples, a butanol, such as
1sobutanol, can be added with the other suitable oxygenates,
added before the other suitable oxygenates or blended with
the other suitable oxygenates before being added to a gasoline
blend stock. In one embodiment, a butanol, such as 1sobu-
tanol, 1s added to oxygenate gasoline. In another embodi-
ment, one or more other suitable oxygenates and a butanol can
be blended into a gasoline blend stock contemporaneously.

In any such embodiment one or more butanol 1somers and
optionally one or more other suitable oxygenates can be
added at any point within the distribution chain. For example,
a gasoline blend stock can be transported to a terminal, and
then a butanol and optionally one or more other suitable
oxygenates can be blended with the gasoline blend stock,
individually or in combination, at the terminal. As a further
example, the one or more gasoline blending stocks, one or
more butanol 1somers and optionally one or more other suit-
able oxygenates can be combined at a refinery. Other compo-
nents or additives can also be added at any point 1n the distri-
bution chain. Furthermore, the method of the present
invention can be practiced at a refinery, terminal, retail site, or
any other suitable point 1n the distribution chain.

In an embodiment of the invention, the total weighted
demerits of the gasoline blend 1s below about 40, below about
35, below about 30, below about 25, below about 20, below
about 15, or below about 10.
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When butanol 1s included into many probable gasoline/
butanol blends that would otherwise appear to meet current
ASTM and EU volatility specification limits, the cold-start
and warm-up (CS&W) driveability performance can be sig-
nificantly deteriorated. However, it has been surprisingly and
unexpectedly found that the negative deterioration associated
with CS&W driveability performance when butanol 1s
included 1n gasoline/butanol blends 1s avoided by the meth-
ods described herein.

In particular, fifteen ASTM A-class fuels with 1sobutanol
concentrations ranging from zero to 24 volume percent were
tested for volatility properties and CS&W performance using,
industry standard methods (for example, ASTM standard dis-
tillation and vapor pressure fuel inspection tests, CRC E28
standard cold-start and warm-up driveability tests). All {if

teen
tuels were tested for CS&W performance 1n each of 12 light
duty vehicles at 40° F., and one-third of the tests were repli-
cated to gain statistical power. A total of 240 CS&W evalua-
tions (20 on each vehicle) were conducted. The results of
these tests are presented 1n Tables 1 and 2 below.

These tests were patterned after a similar program con-
ducted by the Coordinating Research Council (CRC Program
CM-138-02, documented as CRC Report No. 638); the objec-
tive of the CRC Program was to establish the volatility/com-
position effect of low-ethanol (less than 10 volume percent)
gasolines on CS&W driveability. The subject CRC Program
established that Equation 1 above, wherein an ethanol “ofl-
set” term was added to the prior definition of ASTM drive-
ability index, DI, does describe the CS&W driveability per-
formance of gasoline blends that contain such low
concentrations ol ethanol. FIG. 1 1s a plot of the mean cor-
rected natural logarithm of total weighted dements for a
number o blends ol low concentrations of 1sobutanol in gaso-
line versus the ASTM DIs for those blends. FIG. 1 presents
driveability results for the low butanol fuels tested and
indexed using Equation 1. As 1s evident, both graphically and
from the calculated fit statistic, R, Equation 1 fails to
describe the CS&W driveability performance of the low-
butanol fuels.

The mean corrected natural logarithms of the total weight
demerits (TWD) 1n the figures are calculated from the fleet
data for all of the CS&W tests. They represent an unbiased
average performance of a fuel 1in the 12 vehicle fleet
employed. All 15 tuel and 12 vehicle combinations total 180
tests that were performed. However, 60 additional tests that
were replicates of some of the 180 tests were also performed.
Thus, a total of 240 tests were performed. The corrected mean
1s the least squares mean of each fuel that 1s balanced as
though the same number of tests were performed on each
tuel-vehicle combination. This affords an unbiased TWD for
cach fuel averaged over the 12 vehicles.

The following extension/modification was made to the cus-
tomary driveability index DI presented as Equation 1. Equa-
tions 2a and 2b below present the Low-Butanol Driveability
Index or LBDI, which 1s a modification of the ASTM DI, and
1s a linear combination of temperatures, alcohol concentra-
tions and E200.

LBDI=a T o+a>T50+a315o+a,EtOH+BuOH(a5-
a1200)

wherein LBDI 1s the modified driveability index; T,,, T,
and T, are the temperatures for distillation of 10, 50 and 90
volume percent, respectively, of the blend; EtOH and BuOH
are the volume percents of ethanol and butanol, respectively,
in the blend; E200 1s the volume percent of the blend that
distills at temperatures up to 200° F.; and a,, a,, a5, a,, as and
a. are coelficients selected to atl

(Eq. 2a)

ord a substantially linear
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relationship between the values of the aforesaid linear com-
bination for gasoline blends containing butanol and option-
ally ethanol and the logarithms of the mean measured total
weilghted demerits for such blends, at concentrations of etha-
nol less than 20 volume percent, less than 19 volume percent,
less than 18 volume percent, less than 17 volume percent, less

than 16 volume percent, less than 15 volume percent, less
than 14 volume percent, less than 13 volume percent, less
than 12 volume percent, less than 11 volume percent, less

than 10 volume percent, less than 9 volume percent, less than
8 volume percent, less than 7 volume percent, less than 6
volume percent, or less than 5 volume percent, at concentra-
tions of butanol less than 30 volume percent, less than 29
volume percent, less than 28 volume percent, less than 27
volume percent, less than 26 volume percent, less than 25
volume percent, less than 24 volume percent, less than 23
volume percent, less than 22 volume percent, less than 21
volume percent, less than 20 volume percent, less than 19
volume percent, less than 18 volume percent, less than 17
volume percent, less than 16 volume percent, less than 15
volume percent, less than 14 volume percent, less than 13
volume percent, less than 12 volume percent, less than 11
volume percent, less than 10 volume percent, less than 9
volume percent, less than 8 volume percent, less than 7 vol-
ume percent, less than 6 volume percent, or less than 5 volume
percent, and at total concentrations of ethanol and butanol
less than 35 volume percent, less than 30 volume percent, less
than 25 volume percent, less than 20 volume percent, less
than 15 volume percent, less than 10 volume percent. In one
embodiment, the blend 1s ethanol-free.

In one embodiment, the low butanol driveability index
(LBDI) can be determined before blending the gasoline, the at
least one biologically-sourced butanol 1somer, and optionally
cthanol to form the butanol gasoline blend. In another
embodiment, the low butanol driveability index (LBDI) can
be determined after blending the gasoline, the at least one
biologically-sourced butanol 1somer, and optionally ethanol
to form the butanol gasoline blend. If the LBDI 1s determined
alterwards, the gasoline amount, the at least one biologically-
sourced butanol 1somer amount, the ethanol, or any combi-
nation thereot, can optionally be adjusted so that the LBDI
has a value equal to the linear combination a, T, +a, T ,+
a;To5+a,EtOH+BuOH (a.—-a E200) below the maximum
limit for Driveability Index (DI) for the specific class of
gasoline. In yet another embodiment, the low butanol drive-
ability index (LBDI) can be determined during blending the
gasoline, the at least one biologically-sourced butanol 1somer,
and optionally ethanol to form the butanol gasoline blend. If
the LBDI 1s determined during blending, the gasoline
amount, the at least one biologically-sourced butanol 1somer
amount, the ethanol, or any combination thereof, can option-
ally be adjusted so that the LBDI has a value equal to the
linear combination a,;T,,+a,T.,+a;1o4+a,EtOH+BuOH
(a.—a.E200) below the maximum limait for Driveability Index
(DI) for the specific class of gasoline. Of course, the low
butanol driveability index (LBDI) can be determined once or
more than once, and can be determined at various stages of
blending the butanol gasoline blend, including, but not lim-
ited to, before, during, and atfter the butanol gasoline blend 1s
produced.

When the concentration of ethanol 1s less than 10 volume
percent, a,, a,, a5, and a,, equal approximately 1.5, 3, 1, and
2.4, respectively, and Equation 2a becomes:

LBDI=1.5T, j+3 5o+ Too+2.4EtOH+BuOH (a5

acF200) (Eq. 2b)
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Furthermore, when the concentration of ethanol 1s less than
10 volume percent and the concentration of butanol 1s less
than 20 volume percent, a,, a,, a5, a,, a. and a, equal approxi-
mately 1.5, 3, 1, 2.4, 16 and 0.3, respectiully, and Equations
2a and 2b become:

LBDI=1.5T, y+3 T+ oo +2.4EtOH+BuOH(1 6-

0.3E200) (Eq. 2¢)
or 1n other words:
. BDI=DI+BuOH(16-0.3E200) (Eq. 2d)

wherein DI 1s the aforesaid ASTM DI. As seen from the form
of the equation, LBDI collapses to the customary ASTM DI
when butanol 1s absent, and hence the same specification
limits established for DI are applicable for LBDI.

In European applications, the EN228 gasoline specifica-
tion controls mid-range volatility for good CS&W driveabil-
ity by speciiying a mimumum value for E100, which 1s the fuel
fraction distilled by 100° C. 1n the standard distillation test.
Testing has also shown that the present specification and
limiting value E100 are not applicable for low-butanol gaso-
lines. Consequently, the present invention defines the “Effec-
tive E100” as the linear combination:

EHIUU:El OO—BUOH(bl—bEEl 00)

Where Eft, ,, 1s the new modified driveability index desig-
nated “Effective E100”; E100 1s the fuel volume percent
distilled at 100° C. as observed 1n the standard distillation test,
and BuOH 1s again the fuel butanol content in volume per-
cent; all three quantities are 1n units of volume percent; and
b,, and b, are coefficients selected to afford a substantially
linear relationship between the values of the atoresaid linear
combination for gasoline blends containing butanol and
optionally ethanol and the natural logarithms of the mean
measured total weighted demerits for such blends, at concen-
trations of ethanol less than 20 volume percent, less than 19
volume percent, less than 18 volume percent, less than 17
volume percent, less than 16 volume percent, less than 15
volume percent, less than 14 volume percent, less than 13
volume percent, less than 12 volume percent, less than 11
volume percent, less than 10 volume percent, less than 9
volume percent, less than 8 volume percent, less than 7 vol-
ume percent, less than 6 volume percent, or less than 5 volume
percent, at concentrations of butanol less than 30 volume
percent, less than 29 volume percent, less than 28 volume
percent, less than 27 volume percent, less than 26 volume
percent, less than 25 volume percent, less than 24 volume
percent, less than 23 volume percent, less than 22 volume
percent, less than 21 volume percent, less than 20 volume
percent, less than 19 volume percent, less than 18 volume
percent, less than 17 volume percent, less than 16 volume
percent, less than 15 volume percent, less than 14 volume
percent, less than 13 volume percent, less than 12 volume
percent, less than 11 volume percent, less than 10 volume
percent, less than 9 volume percent, less than 8 volume per-
cent, less than 7 volume percent, less than 6 volume percent,
or less than 5 volume percent, and at total concentrations of
cthanol and butanol less than 35 volume percent, less than 30
volume percent, less than 25 volume percent, less than 20
volume percent, less than 15 volume percent, less than 10
volume percent. In one embodiment, the blend 1s ethanol-
free.

When the concentration of ethanol 1s less than 5 volume
percent and the concentration of butanol is less than 20 vol-
ume percent, b, and b, equal approximately 2.3 and 0.034,
respectively, and Equation 3a becomes:

(Eq. 3a)

Eff, ,,=F100-BuOH(2.3-0.034E100) (Eq 3b)
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Once again, the new index Eff,,, reverts to the customary
form when butanol 1s absent, and hence the existing limiting
values established for E100 are applicable for EiT, .

In each case, the index 1s employed by inserting distillation
test data for a subject fuel in the equation and calculating the
value of the new index. For LBDI, the resulting value calcu-
lated from Eq. 2a-2c 1s then compared to the specification
maximum limit for DI given for that class of fuel as specified
in Table 1 of ASTM D 4814-08a. If the calculated LBDI 1s
below the specified DI maximum for the appropriate volatil-
ity class, the fuel will have acceptable CS&W performance.
Similarly for Eff; ,,, the value calculated from the test data 1n
Eq. 3a-3b 1s compared to the minimum E100 value for that
class of fuel as spec1ﬁed in Table 2 1n EN 228. Ifthe calculated
value of E1l, ,, 1s above the specified minimum for E100 for
the appropriate volatility class, the tuel will have acceptable
CS&W performance.

Eqgs. 2a-2d and 3a-3b are significantly more effective than
Eq. 1 1n correlating the CS& W driveability results for the low
butanol fuels as shown i FIGS. 2 and 3. FIGS. 2 and 3
establish the efficacy of Eqgs. 2a-2d and 3a-3b, respectively, 1n
describing the CS&W driveability performance of low-bu-
tanol gasolines from volatility and composition properties. To
demonstrate that the current specification limits from ASTM
D 4814 and EN 228 are appropriate for the new indices, the
data of FIGS. 2 and 3 are re-plotted without the log transform
in FIGS. 4 and §, respectively. These plots also differ in that
specific symbols have been assigned to indicate the butanol
concentrations of the fuels tested.

The data1n FIG. 4 span the 1so-butanol concentrations up to
24 volume percent, include the 0 volume percent 1-BuOH
conventional fuels as reference points, and also span the range
of driveability performance from acceptable to unacceptable.
Conventional fuels both below and above the DI limit o1 1250
are mncluded. Because the variable ranges are so complete, 1t
can be concluded that the present limit of 1250 maximum DI
tor A-class fuels 1s also appropriate for fuels that contain up to
24 volume percent of 1sobutanol when LBDI 1s used as the
index. It 1s readily apparent that the fuels contaiming up to 24
volume percent of 1sobutanol can be formulated using 1250
LBDI as a limit and achieve the same low demerit level as
conventional butanol-free fuels indexed to 1250 DI. Simi-
larly, butanol fuels with LBDI over 1250 have higher, unac-
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ceptable levels of demerits just as do the conventional
butanol-iree fuels with DI over 1250.

Similar conclusions can be reached for the European style
specifications and indices from FIG. 5. Data for the complete
range of butanol-containing and butanol-free fuels again span
the range of driveability performance from acceptable (con-
ventional tuels with E100 above 46 volume percent) to unac-
ceptable (conventional fuels with E100 below 46 volume
percent). FIG. 5 shows that when iso-butanol fuels are
blended to Efl, ,, greater than or equal to 46 volume percent,
the driveability demernts are just as low as conventional
butanol-iree fuels blended to the established limit of E100
greater than or equal to 46 volume percent. The data also
suggest that the established limit of minimum 46 volume
percent may be overly restrictive, as 1t 1s apparent that both
conventional and butanol-containing fuels with Eft, , as low
as 40 volume percent or so also exhibit very low driveability
demerits.

According to the invention, FIGS. 2 and 3 can also be used
to calculate the TWD of a new gasoline blend comprising
butanol, and optionally ethanol. The method would mvolve
blending gasoline with butanol and optionally, ethanol; mea-
suring the E200, T,,, Ts,, and T,, values of the gasoline
blend, mputting the E200, T,,, Ts,, and Ty, values in the
equation a, T, +a,T,+a;14+a,EtOH+BuOH (a.-a,E200)
to calculate LBDI of the fuel blend using the appropriate
equation 2a-d above, and correlating the LBDI value of the
tuel blend using FI1G. 2 to calculate a TWD for the gasoline
blend. The calculated TWD of the gasoline blend can be used
to predict the cold-start and warm-up driveability perfor-
mance of the fuel.

The data from which the plots in FIGS. 2 and 3 were made
are presented 1n Tables 1 and 2, respectively. Fuels for which
TWD’s are up to about 20 are considered to atford acceptable
driveability characteristics. The data 1n Table 1 suggest inac-
curately that the DIs of fuels 3, 4, 6,7, 9, 13 and 18 would
alford acceptable driveability characteristics, but their LBDIs
indicate to the contrary that their driveability characteristics
are unacceptable or, 1n one case, only borderline. The data 1n
Table 2 suggests maccurately thatthe E100s of tuels 3,4, 6, 7,
and 18 would afford acceptable driveability characterlstlcs
but the Eff100’s indicate to the contrary that they are unac-

ceptable, or 1n one case, only borderline.

TABLE 1
E200,
Fuel class A, DI % i-BuOH T10°F. TS0°F T90°F. vol% DI LBDI TWD
0 1250 0 128.65 217.9 3437 43.05 1190 1190 10
1 1250 0 136.5  231.5 3458 337 1245 1245 15
, 1250 0 152.45  240.7 359.05 2235 1310 1310 32
3 1250 16 151.7  209.2 332 31.5 1187 1292 349
4 1250 16 148.8  213.2  370.1 287 1233 1351 93
5 1250 16 162.3 2264 361.8 209 1284 1440 174.3
6 1250 P 139.7 2083 3444 36.6 1179 1299 33
7 1250 P 152.8  213.6 365.8 26.1 1236 1432 103.8
8 1250 Pl 170.4  221.6 3765 184 1297 1548 305
9 1250 ] 148.25 2259  337.65 31.45 1238 1290 30
10 1250 0 128.65 217.9 3437 43.05 1190 1190 10.7
11 1250 0 152.45  240.7 359.05 2235 1310 1310 41.2
13 1250 ] 148.25 2259 337.65 31.45 1238 1290 30
14 1250 0 131 207.2  331.6 465 1150 1150 8.3
15 1250 16 133 2023 3319 483 1138 1162 10.8
16 1250 4 135.8 2059 3319 449 1153 1214 123
17 1250 16 145.6  201.9 3214 467 1146 1177 16
18 1250 16 136.4 2093 3574 419 1190 1245 19
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TABLE 2
1-BuOH,
vol % E70, vol %
0 25.1
0 17.6
0 11.15
16 11.5
16 12
16 9.2
24 15.3
24 11
24 7.9
8 12.4
0 25.1
0 11.15
8 12.4
0 26.1
16 22.5
24 20.4
16 16
16 18.9
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E100 Eff100 TWD

47.7
394
28.5
53.9
4.0
34.4
57.4
46.1
31.3
41.6
47.7
28.5
41.6
52.5
58.9
57.8
62.9
53.5

47.7
39.4
28.5
46.4
37.4
16.4
49.0
28.5

1.6
34.5
47.7
28.5
34.5
52.5
54.2
49.8
60.3
45.9

10.1
15.6
329
34.9
93.3
174.3
33.7
103.8
305.2
30.2
10.7
41.2
30.9
8.3
10.%8
12.3
16.1
19.%8

The general method to determine the coeflicients al
through a6 for the full range of ethanol concentrations up to
20 volume percent and butanol concentrations up to 34 vol-
ume percent 1s similar to that used to determine the ethanol
offset by the CRC program (CRC Program CM-138-02, CRC
Report No. 638) referenced hereinabove. This method
involves developing a regression equation relating a natural
logarithm of TWD measured by the CRC E28 standard
CS&W test to corresponding fuel variables. To achieve col-
lapse of this equation to the standard DI equation the coetfi-
cients al through a4 were chosen to be the same as those used
in the ASTM D 4814 DI equation. The additional fuel vari-
ables E200 and 1BuOH were added to give a correlation that
fit the data within the vanability of the test method, and their
values were calculated according to the least squares method
using a general linear statistical model. In particular, the
1BuOH content was added as a linear term and E200 added as
an 1nteraction term (1.e. 1IBuOH*E200). FIG. 2 shows the
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good correlation for this semi-logarithmic relation. Coefti-
cients for other butanol 1somers may be derived by perform-
ing CS&W tests using fuels containing the 1somer of interest
at various concentrations and statistically analyzing the
results (1.e. natural logarithm of TWD) using a general linear
statistical model with factors: DI, butanol 1somer concentra-
tion and E200*butanol 1somer concentration.

Similarly, coelficients for the European version of the
equation, b,, and b, are estimated by statistically analyzing
the natural logarithm TWD as a function of E100, butanol
1somer concentration, and E100* butanol 1somer concentra-
tion using a general linear model. FIG. 3 shows the results of
this semi-logarithmic correlation.

Those skilled in the art would readily appreciate that 1t
other measures of the volatility or boiling point profile, such
as T,,, T34, E158 or E70, of a gasoline blend were employed
mstead ol T, Ts,, Toq, E200 or E100, this would result 1n
relatively minor variations of Equations 2(a)-2(d) and 3(a)-3
(b), but the claimed method and gasoline blend of this inven-
tion includes such variations.

Tables 3 and 4 contain data from driveability tests similar to
those employed for that data in Tables 1 and 2. The fuels
employed were of volatility classes AA and E and were either
gasoline only or blends of gasoline with either ethanol alone,
1sobutanol alone or both ethanol and 1sobutanol. In Table 3 for
tuels that were gasoline alone or blends of gasoline and only
cthanol, the DIs and LBDIs were equal. For fuels that were
blends of gasoline with either butanol alone or both butanol
and ethanol, the LBDIs were larger than the DlIs, and gener-
ally the closer the LBDIs approached the specified maximum
for the D 4814 DI, the greater the number of demerits. In
Table 4, the E100s and FEif, ,,s were equal for fuels that were
either gasoline alone or blends of gasoline with ethanol alone.
The Eff, s were generally smaller than the E100s for tuels
that were blends of gasoline with either butanol alone or both

1T, o8 below or closer to the specified

butanol and ethanol. E

minimum for E100 generally had a greater number of demer-
its.

TABLE 3
D4814 D4814
Volatility DI % E200 Driveability
Fuel ID Class spec, I 1-BuOH % EtOH  TI10,°F.  T50,°LF  T90,°LE wvol% DI LBDI  Demerits
AA-0 AA 1250 max 0 0 158.4 224.9 3514 347 1264 1264 11.5
AA-1 AA 1250 max 0 10 137.3 211.2 341.6 46.2 1205 1205 11.7
AA-2 AA 1250 max 16 0 146.7 205.6 333.8 43.6 1171 1217 11.2
AA-3 AA 1250 max 16 0 146.7 208.9 347.1 41.0 1194 1253 15.0
AA-4 AA 1250 max 0 10 137.1 219.8 359.6 44.8 1249 1249 14.6
AA-S AA 1250 max 8 5 139.7 201.5 335.3 489 1161 1172 12.4
AA-6 AA 1250 max 8 5 140.1 206.7 353.7 46.1 1196 1213 15.3
AA-T AA 1250 max 0 10 138.3 213.7 274 44 1147 1147 9.7
AA-9 AA 1250 max 16 0 152.7 201.8 288.1 46.4 1123 1156 10.4
AA-10  AA 1250 max 8 5 142.4 199.8 282.8 50.3 1108 1115 10.1
AA-11  AA 1250 max 0 0 141.9 224.6 341.8 36.9 1228 1228 10.3
E-16 E 1200 max 0 10 111.6 197.3 342.3 504 1126 1126 15.5
E-17 E 1200 max 16 0 110 206 319.9 45.6 1103 1140 15.4
E-18 E 1200 max 16 0 108.8 194.1 306.7 544 1052 1047 10.6
E-19 E 1200 max 0 0 98.4 2035.8 3434 48.6 1108 1108 11.0
E-20 E 1200 max 16 0 109.2 208.3 335.8 43.2 1125 1173 17.8
TABLE 4
EN 228 E100 EN228
Volatility spec vol % vol % E100  Eff100  Driveability

Fuel Class Min 1-BuOH % EtOH vol%  vol % Demerits

AA-O AA 46 0 0 42.6 42.6 11.5

AA-1 AA N/A 0 10 50.4 11.7
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TABLE 4-continued
EN 228 E100 EN228
Volatility spec vol % vol %o E100  Effl100  Driveability
Fuel Class Min 1-BuOH % EtOH  vol % vol % Demerits
AA-2 AA 46 16 0 58.2 53.1 11.2
AA-3 AA 46 16 0 52.8 44 .8 15.0
AA-4 AA N/A 0 10 48.5 14.6
AA-5 AA 46 8 5 57.3 54.5 12.4
AA-6 AA 46 8 5 52.7 48.6 15.3
AA-T AA N/A 0 10 49.6 9.7
AA-9 AA 46 16 0 70.0 71.3 10.4
AA-10  AA 46 8 5 61.7 60.1 10.1
AA-11  AA 46 0 0 43.1 43.1 10.3
E-16 E N/A 0 10 53.2 15.5
E-17 E 46 16 0 56.6 50.6 15.4
E-1% E 46 16 0 65.3 64.1 10.6
E-19 E 46 0 0 51.6 51.6 11.0
E-20 E 46 16 0 53 45.8 17.8

It has also been surprisingly and unexpectedly found that
the LBDI of a gasoline blend with a biologically-sourced
butanol isomer and optionally ethanol can be maintained
below, orreduced to a level below, the specified maximum for
that class of gasoline by adding a suificient volume of a light
hydrocarbon to the blend. Such light hydrocarbons serve to
modity the boiling temperature distribution of the blend so as
to 1mprove evaporation/combustibility of the fuel 1n a cold
engine. Some refinery streams that could be employed as such
light hydrocarbons are listed 1n Table 5. Examples of this use
are hydrocarbons used form azeotropes with the oxygenates
in the gasoline blend, namely, butanol 1somers and ethanol.
Such azeotropes boil at even lower temperatures than the
specific hydrocarbon which 1s added to the blend and which 1s
a component of the azeotrope. Thus, the added light hydro-
carbon that forms the azeotrope has a greater effect 1n of
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reducing the boiling point of the blend than would be
expected from the boiling point of the added hydrocarbon
itself. Suitable such hydrocarbons and the boiling points of
their azeotropes with ethanol and each butanol isomer 1s
shown 1n Table 6. The word “zeotrope” 1n Table 6 1indicates
that no azeotrope was formed. In Table 6, Wt. % 1s the weight
percent of the hydrocarbon in the azeotrope. In one embodi-
ment, the light hydrocarbons can comprise from 5 to 9 carbon
atoms, and can comprise either at least one refinery stream
having T90s less than 260° F., the refinery stream comprising
paraifins, cycloparaifins, olefins or aromatic compounds or
mixtures thereof, or the light hydrocarbons can comprise at
least one hydrocarbon that forms azeotropes with butanol or
cthanol, if ethanol present, which boil at or below 216° F., or
the light hydrocarbon can comprise mixtures and combina-
tions thereol.

TABLE 5

Approximate Distillation, ° F.

Stream Name T10 T50 T90  Major Chemical types

Isomerate 116 130 160  branched C5-C6 paraflins

Light virgin naphtha 95 130 180  C5-C8 paraflins, cycloparaflins, olefins, aromatics

Light straight run naphtha 935 130 180  (C5-C8 paraflins, cycloparaflins, olefins, aromatics

Light catalytically cracked naphtha 110 140 250  C5-C8 paraflins, cycloparaffins, olefins, aromatics

Light hydrocracked naphtha 110 130 175 (C5-C8 paraflins, cycloparaflins, aromatics

Light hydrotreated coker naphtha 115 140 200  C5-C8 paraflins, cycloparaffins, aromatics

Light hydrotreated naphtha 115 140 200  C5-C8 paraflins, cycloparaflins, aromatics

Light alkylate 165 215 230  C6-C9 branched paraflins

Light reformate 150 190 240  C7-C8 aromatics

Raffinate 150 180 240  C6-C9 paraflins, cycloparaffins

TABLE 6
Azeotrope with Azeotrope with Azeotrope with Azeotrope with Azeotrope with
Hydrocarbon Isobutanol n-butanol 2-butanol t-butanol ethanol
Boiling Pt. B. Pt. B. Pt. B. Pt. B. Pt. B. Pt.

Hydrocarbon (°C.) (°C.), Wt % (° C.) Wt.% (°C.) WL % (° C.) Wt. % (°C.) Wt. %
n-pentane 36.1 34.3 95
cyclopentane 36.15 44.7 92.5
n-hexane 68.9 68.3 97.5 68.2 96.8 63.7 78 58.68 79
methyl 72 71 95 69.7 88.5 66.6 74
cyclopentane
benzene 80.1 79.3 92.6 zeotrope 78.5 84.6 73.95 63.4 67.9 6%.3
cyclohexane 80.75 78.3 86 79.8 90.5 76 82 71.2 65.8 64.8 70.8
cyclohexene 82.7 80.5 85.8 82 935
n-heptane 98.45 90.8 73 93.85 82 88.1 63.3 78 38
2,2 4-trimethyl 99.3 92 73 88 66.2

pentane



19

US 8,870,983 B2

20

TABLE 6-continued
Azeotrope with Azeotrope with Azeotrope with Azeotrope with Azeotrope with
Hydrocarbon Isobutanol n-butanol 2-butanol t-butanol ethanol
Boiling Pt. B. Pt. B. Pt. B. Pt. B. Pt. B. Pt.

Hydrocarbon (° C.) (°C.), Wt % (° C.) Wt.% (°C.) WL % (° C.) Wt. % (° C.) Wt. %0
methyl 100.8 92.6 68 95.3 80 89.7 61.8 78.8 34
cyclohexane
2,5-dimethyl 109.2 98.7 58 81.5 23
hexane
toluene 110.7 101.2 55 105.5 72.2 95.3 45 zeotrope 76.7 32
cis-1,3- 120.7 102.2 44
dimethyl
cyclohexane
n-octane 125.75 108.45 54.8 77 22
ethyl 136.15 107.2 20 115.85 34.9 zeotrope
benzene
p-xylene 13%8.4 107.1 11.4 115.7 32 zeotrope zeotrope
m-xXylene 139 116.5 28.5
o-xylene 143.6 116.8 25
n-nonane 150.7 115.9 28.5

It will be appreciated by those skilled 1n the art that
although the present invention has been described herein by
reference to specific means, materials and examples, the
scope ol the present invention 1s not limited thereto, and
extends to all other means and materials suitable for the
practice of this invention.

What 1s claimed:

1. A method for producing a butanol gasoline blend having
good cold start and warm-up (CS&W) driveability perfor-
mance comprising;

(a) providing at least one biologically-sourced butanol 1so-

mer;

(b) blending the butanol 1somer and optionally ethanol
with gasoline to form a butanol gasoline blend, the
butanol gasoline blend having a vapor pressure corre-
sponding to a specific ASTM D4814 vapor pressure/
distillation class of gasoline;

(c) determining a value of low butanol driveability index
(LBDI) for the butanol gasoline blend wherein the LBDI
value 1s determined by the equation: a,T,,+a, T+
ayTyn+a,EtOH+BuOH (a.-a,E200); wherein:

T, 1s the temperature for distillation of 10-volume per-
cent of the butanol gasoline blend;

T, 1s the temperature for distillation of 50-volume per-
cent of the butanol gasoline blend;

T4, 1s the temperature for distillation of 90-volume per-
cent of the butanol gasoline blend;

EtOH 1s the concentration in volume percent of ethanol
in the butanol gasoline blend;

BuOH 1s the concentration in volume percent of the at
least one biologically-sourced butanol 1somer 1n the
butanol gasoline blend;

E200 1s the volume percent of the butanol gasoline blend
that distills at temperatures up to about 200° F.;

and

a,, a,, ay, 4,4, a5 and a, are coellicients selected to give a
substantially linear relationship between the values of
the linear combination for the butanol gasoline blend
containing the at least one butanol 1somer and option-
ally ethanol and the logarithms of the mean corrected
total weighted demerits from test measurements of
CS&W driveability performance for such blends, at
concentrations of ethanol less than about 20 volume
percent, at concentrations of the at least one biologi-
cally-sourced butanol 1somer less than about 30 vol-
ume percent, and at total concentrations of ethanol
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and the at least one biologically-sourced butanol 1s0-
mer less than about 35 volume percent; and wherein
the total weighted demerits of the butanol gasoline

blend 1s less than about 40; and
(d) optionally adjusting the amount of gasoline, the butanol
isomer, and the ethanol, or any combination thereof,
such that the value of LBDI 1s below the maximum limit
for Driveability Index (DI) for the specific class of gaso-

line as specified 1 Table 1 of ASTM D 4814,

2. The method of claim 1, wherein the butanol gasoline
blend comprises up to about 27 volume percent of the at least
one biologically-sourced butanol 1somer, and wherein the
renewable components of the butanol gasoline blend are
maximized while good CS&W driveability performance are
maintained.

3. The method of claim 1, wherein the blend comprises up
to about 15 volume percent of ethanol.

4. The method of claim 1, wherein the at least one biologi-
cally-sourced butanol 1somer 1s 1sobutanol.

5. The method of claim 1, wherein the total concentration

of ethanol and the at least one biologically-sourced butanol
1somer 1s less than about 30 volume percent of the blend.

6. The method of claim 1, further comprising blending a
suificient volume of light hydrocarbons to adjust the value of
LBDI below said maximum limit for DI.

7. The method of claim 1, wherein:

a, 1s about 1.5;

a, 1s about 3;

a, 1s about 1; and

a, 1s about 2.4;

when the ethanol concentration 1s less than about 10 vol-
ume percent.

8. The method of claim 1, wherein a< 1s about 16; and a 1s

about 0.3;

when the at least one biologically-sourced butanol 1somer
concentration 1s less than about 20 volume percent.

9. A method for producing a butanol gasoline blend having
good cold start and warm-up (CS&W) driveability perfor-
mance comprising;

(a) providing at least one biologically-sourced butanol 1so-

mer;

(b) blending the butanol 1somer and optionally ethanol
with gasoline, to form a butanol gasoline blend, the
butanol gasoline blend having a vapor pressure corre-
sponding to a specific EN228 volatility class of gasoline;
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(¢) determining an Eil,,, value for the butanol gasoline
blend wherein the Eff,,, value 1s determined by the
equation: E100-BuOH(b,-b,E100); wherein
BuOH 1s the concentration in volume percent of the at
least one biologically-sourced butanol 1somer 1n the
butanol gasoline blend;

E100 1s the volume percent of the butanol gasoline blend
that distills at temperatures up to about 100° C.; and

b, and b, are coetficients selected to give a substantially
linear relationship between the values of the linear
combination for the butanol gasoline blends contain-
ing the at least one butanol 1somer and optionally
cthanol and the logarithms of the mean corrected
measured total weighted demerits for such blends, at
concentrations of ethanol less than about 20 volume
percent, at concentrations of the at least one biologi-
cally-sourced butanol 1somer less than about 30 vol-
ume percent, and at total concentrations of ethanol
and the at least one biologically-sourced butanol 1so-
mer less than about 35 volume percent, and wherein
the total weighted demerits of the butanol gasoline
blend 1s less than about 40:;

(d) optionally adjusting the amount of gasoline, the butanol
isomer, and the ethanol, or any combination thereof,
such that the value of Eff 5, 1s above the minimum limait
for E100 for that class of gasoline as specified in Table 2
of EN228.

10. The method of claim 9 further comprising blending a
suificient volume of light hydrocarbons to adjust the value of
Eff, ,, above the minimum limit for E100.

11. The method of claim 9, wherein b, 1s about 2.3; and b,
1s about 0.034;

when the at least one biologically-sourced butanol 1somer
concentration 1s less than about 20 volume percent.

12. The method of claim 1 further comprising determining
the low butanol driveability index (LBDI) before blending the
gasoline, the at least one biologically-sourced butanol 1somer,
and optionally ethanol to form the butanol gasoline blend.

13. The method of claim 1 further comprising determining
the low butanol driveability index (LBDI) after blending the
gasoline, the at least one biologically-sourced butanol 1somer,
and optionally ethanol to form the butanol gasoline blend; and
optionally, adjusting the gasoline amount, the at least one
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biologically-sourced butanol 1somer amount, the ethanol, or
any combination thereof, so that the LBDI has a value equal
to the linear combination a,T,,+a,T.,+a;1q4+a,BEtOH+
BuOH (a.-a.E200) below the maximum limit for Driveabil-
ity Index (DI) for the specific class of gasoline.

14. The method of claim 1 further comprising determining
the low butanol driveability index (L BDI) during blending the
gasoline, the at least one biologically-sourced butanol 1somer,
and optionally ethanol to form the butanol gasoline blend; and
optionally, adjusting the gasoline amount, the at least one
biologically-sourced butanol 1somer amount, the ethanol, or
any combination thereof, so that the LBDI has a value equal
to the linear combination a,T,,+a,T.,+a;Tg4+a,BEtOH+
BuOH (a;-a,E200) below the maximum limit for Driveabil-
ity Index (DI) for the specific class of gasoline.

15. The method of claim 1, further comprising adding one
or more additives to the gasoline blend.

16. The method of claim 15, wherein the one or more
additives are detergents, antioxidants, stability enhancers,
demulsifiers, corrosion inhibitors, metal deactivators, or mix-
tures thereol.

17. The method of claim 1, wherein the gasoline 1s con-
ventional gasoline, oxygenated gasoline, reformulated gaso-
line, biogasoline, Fischer-Tropsch gasoline, or mixtures
thereof.

18. The method of claim 1, wherein the at least one bio-
logically-sourced butanol isomer and gasoline are blended at
a terminal or at a refinery.

19. The method of claim 9, further comprising adding one
or more additives to the gasoline blend.

20. The method of claim 19, wherein the one or more
additives are detergents, antioxidants, stability enhancers,
demulsifiers, corrosion inhibitors, metal deactivators, or mix-
tures thereol.

21. The method of claim 9, wherein the gasoline 1s con-
ventional gasoline, oxygenated gasoline, reformulated gaso-
line, biogasoline, Fischer-Tropsch gasoline, or mixtures
thereof.

22. The method of claim 9, wherein the at least one bio-
logically-sourced butanol isomer and gasoline are blended at
a terminal or at a refinery.
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